Abstract Growth factor-induced activation of Akt occurs in the majority of human breast cancer cell lines resulting in a variety of cellular outcomes, including suppression of apoptosis and enhanced survival. We demonstrate that epidermal growth factor (EGF)-initiated activation of Akt is mediated by the ubiquitous calcium sensing molecule, calmodulin, in the majority of human breast cancer cell lines. Specifically, in estrogen receptor (ER)-negative, but not ER-positive, breast cancer cells, Akt activation is abolished by treatment with the calmodulin antagonist, W-7. Suppression of calmodulin expression by siRNAs against all three calmodulin genes in c-Myc-overexpressing mouse mammary carcinoma cells results in significant inhibition of EGF-induced Akt activation. Additionally, transient expression of constitutively active Akt (Myr-Akt) can overcome W-7-mediated suppression of Akt activation. These results confirm the involvement of calmodulin in the Akt pathway. The calmodulin independence of EGF-initiated Akt signaling in some cells was not explained by calmodulin expression level. Additionally, it was not explained by ER status or activation, since removal of estrogen and ablation of the ER did not convert the ERpositive, W-7 insensitive, MCF-7 cell line to calmodulin dependent signaling. However, forced overexpression of either epidermal growth factor receptor (EGFR) or ErbB2 did partially restore calmodulin dependent EGF-stimulated Akt activation. This is consistent with observation that W-7 sensitive cells tend to be estrogen independent and express high levels of EGFR family members. In an attempt to address how calmodulin is regulating Akt activity, we looked at localization of fluorescently tagged Akt and calmodulin in MCF-7 and SK-BR-3 cells. We found that both Akt and calmodulin translocate to the membrane after EGFstimulation, and this translocation to the same sub-cellular compartment is inhibited by the calmodulin inhibitor W-7. Thus, calmodulin may be regulating Akt activity by modulating its sub-cellular location and is a novel target in the poor prognosis, ER-negative subset of breast cancers.
Introduction
Growth and survival signals initiated at the cell surface by ligand-receptor interactions often impinge on the serine/ threonine kinase, Akt, a central regulator of survival, apoptosis, and oncogenesis. Akt interferes with programmed cell death by phosphorylating and thereby inactivating a number of proteins involved in apoptosis including BAD, Forkhead transcription factors, GSK-3b, and MDM-2 [1] [2] [3] [4] [5] [6] . Akt has been shown to be activated in a wide variety of cancers where it contributes to inappropriate cell survival and oncogenesis. Constitutive activation of Akt (produced by overexpression of growth factor receptors, chromosomal amplification of Akt or phosphatidylinositol 3-kinase [PI-3 kinase], or by deletion of the lipid phosphatase PTEN) is a common tumorigenic event in a number of cancers [7] . In breast cancer cell lines, Akt activation has been shown to contribute to survival and cellular resistance to chemotherapeutic drugs such as doxorubicin and tamoxifen, and to predict for poor outcome in patients [8, 9] .
Akt activation, resulting from growth factor stimuli, occurs through both PI-3 kinase-dependent and PI-3 kinase-independent interactions, which recruit Akt to the plasma membrane (PM) where it is phosphorylated and activated by PDK1 and PDK2 on Thr308 and Ser473, respectively. The 3 0 phosphorylated phosphoinositides (PIP3) generated by PI-3 kinase act as a lipid second messenger to recruit Akt to the PM via its pleckstrin homology (PH) domain, a specific PIP3-binding motif, and serves as the PI-3 kinase-dependent initiating event in Akt activation. The ubiquitous calcium sensing molecule calmodulin seems to mediate a PI-3 kinase-independent mechanism of Akt activation through calmodulin kinase kinase [10] . In mammalian cells, calmodulin regulates a variety of crucial biological functions including neurotransmission, proliferation, cell metabolism and development [11] [12] [13] . Calmodulin classically acts on specific calmodulin dependent protein kinases to exert its function. One specific kinase which directly phosphorylates Akt in a calcium-dependent manner is calmodulin kinase kinase [10] . Interestingly, calmodulin has also been shown to regulate PI-3 kinase-dependent activation of Akt in neurons. Akt activation and the survival of neuronal cells was shown to depend on calcium and calmodulin in a PI-3 kinase-dependent manner, as calmodulin antagonism prevented Akt activation by inhibiting in vivo generation of PIP2 and PIP3 phosphoinositides [14] .
Our previous work highlighted the PI-3 kinase/Akt pathway as a key regulator of EGF-mediated survival of c-Myc-overexpressing carcinoma cells derived from MMTV-c-Myc mouse mammary tumors (henceforth called Myc83 cells) [15] . Since mammary epithelial cells release abundant calcium from intracellular stores upon ligand stimulation [16, 17] , and since it has been shown that calmodulin is overexpressed in breast tumors, breast cancer cell lines and transgenic mouse models of breast cancer [18, 19] , we previously investigated the role of calcium and calmodulin in the survival of these mammary carcinoma cells [20] . We reported that calmodulin was a novel modulator of Akt activity and additionally showed that the survival of c-Myc-overexpressing mammary carcinoma cells was dependent on calmodulin-mediated Akt activation.
Studying the mechanism of calmodulin-mediated Akt activation, we showed that Akt could be co-immunoprecipitated with calmodulin in an EGF-dependent manner, and yet, PI-3 kinase activity remained intact in the presence of a calmodulin inhibitor. This suggests that calmodulin interacts with Akt and mediates its activation downstream of PLCc and PI-3 kinase [20] . We therefore hypothesized that calmodulin was a direct and fundamental regulator of Akt activation and a potential therapeutic target in human breast cancer.
In the present study, we demonstrate that siRNAmediated suppression of cellular calmodulin levels inhibits EGF-induced Akt activation, and that the constitutive activation of membrane-targeted Myr-Akt is unaffected by a pharmacological calmodulin inhibitor. These findings provide evidence of a direct role for calmodulin in the Akt pathway and suggest that calmodulin may modulate Akt activation by regulating the sub-cellular localization of Akt, and indeed we were able to show that the calmodulin inhibitor W-7 blocks EGF-induced re-localization of Akt to cell membranes.
In addition, we report that the calmodulin-dependence of Akt activation can be demonstrated in the majority of human breast cancer cell lines, but that interestingly, the few cell lines where this is not the case are almost all estrogen receptor (ER) positive. This suggests that distinct signal transduction pathways are active in the different classes of breast cancer cells, though the apparent reduced dependence on calmodulin for Akt activation in ER-positive cells does not appear to be directly related to the ER activity. We examine the role of the ER and epidermal growth factor (EGF) family receptors in determining a breast cancer cell's dependence on calmodulin to activate Akt.
This newly appreciated role for calmodulin in mediating Akt activation in ER-negative breast cancers may have important therapeutic implications, since patients diagnosed with ER-negative breast cancers tend to have a worse clinical outcome, and the unique calmodulin-Akt interaction, selectively operant in these cells, presents a new survival mechanism which might be exploited therapeutically.
Methods

Cell lines
Human breast cancer cell lines, with the exception of MCE5, MB7 and MB8, were obtained from the Lombardi Comprehensive Cancer Center Tissue Culture Shared Resource, Georgetown University. MCF-7 cells were grown in improved modified Eagle's minimum essential medium (IMEM-Biofluids, Frederick, MD) supplemented with 10% fetal bovine serum (FBS). Hs578T, MDA-MB-231(NIH), MDA-MB-453, MDA-MB-468, SK-BR-3, and T47D cells were grown in Dulbecco's Modified Eagle Medium (DMEM) with sodium pyruvate (Biofluids, MD) and 10% FBS. BT474 and BT549 cells were grown in RPMI (Biofluids) with 10% FBS; and MDA-MB-361 in Leibowitz media (Biofluids) with 10% FBS. Myc83 cells, a mouse mammary carcinoma cell line derived from c-Mycoverexpressing mammary tumors resulting in MMTV-cmyc transgenic mice, were grown as previously reported [20] . Primary human mammary epithelial cells (HMEC) obtained from Cambrex (Walkersville, MD) were cultured for no more than eight passages in mammary epithelial basal medium (Cambrex), supplemented with bovine pituitary extract (BPE), hydrocortisone, hEGF, insulin, gentamicin/amphotericin. MCE5 cells, stable epidermal growth factor receptor-expressing (EGFR) MCF-7 cells (also named MCF-7-EGFR) were previously described and obtained from Dr. Dorraya El-Ashry, (Miami Miller School of Medicine, Miami, FL) [21] . MCE5 cells were grown in phenol red free IMEM with 10% charcoal stripped serum from Gemini Bio-Products (West Sacramento, CA). Stable ErbB2 expressing MCF-7 cells (clones MB7 and MB8) were previously described [22] and obtained from Dr. Francis G. Kern, (Adelson Medical Research Foundation, Los Angeles, CA) and grown in phenol red free IMEM with 10% charcoal stripped serum from Gemini (West Sacramento, CA).
Antibodies and reagents
Rabbit polyclonal antibodies phospho-Akt (S473), phospho-Akt (T308), total Akt, phospho-p44/42 MAPK (T202/ Y204), and phospho-CREB (S133) were obtained from Cell Signaling Technology (Danvers, MA). Mouse monoclonal antibodies against EGFR, ErbB2, phospho-ErbB2 (Y1248) were obtained from NeoMarkers (Fremont, CA). Anti-b-actin was obtained from Sigma (St. Louis, MO). Mouse monoclonal antibody against calmodulin was obtained from Upstate (Lake Placid, NY). Cathepsin D antibody was obtained from BD Transduction Lab (San Diego, CA). The calmodulin inhibitor, W-7 and the internal calcium chelator, BAPTA-AM were obtained from Calbiochem (San Diego, CA). ICI 182,780 was obtained from Tocris Biosciences (Ellisville, MO). 17-beta-estradiol (E 2 ), obtained from Sigma (St. Louis, MO).
Treatment with pharmacological inhibitors and preparation of whole cell lysates Semiconfluent cell monolayers were serum-starved overnight or as indicated and then incubated with 30 lM of W-7 for 30 min, or 10 lM BAPTA-AM for 90 min. Where indicated, cells were stimulated with 10 nM EGF for 5 min, 50 ng/ml IGF for 5 min, 100 nM insulin for 5 min, 20% FBS for 15 min, and 100 lM pervanadate for 5 min, at 37°C. Cells were washed once in 19 PBS and lysed on ice with a 19 Lysis buffer from cell signaling supplemented with 1 mM PMSF. Lysates were processed and resolved on Tris-Glycine SDS-PAGE, and transferred onto polyvinylidene difluoride (PVDF) membranes (Immobilon-P; Millipore) as previously described [20] . Membranes were incubated in primary antibody for 2 h, then biotinylated secondary antibody for 1 h, and detected with Vectastain ABC elite kit (Vector Laboratories) or HRPconjugated secondary antibody and enhanced chemiluminescence (PerkinElmer Life and Analytical Sciences).
Estrogen depletion and ER ablation MCF-7 cells were grown to 70% confluence in IMEM plus 10% FBS and then stripped of estrogen by washing the cell monolayer three times with phenol red free IMEM and replacing the medium with phenol red free IMEM supplemented with 10% charcoal stripped serum (Gemini). This procedure was repeated four more times during the course of one day after which the cells were incubated overnight. The following morning the cells were trypsinized using phenol red free trypsin (Biofluids), plated in phenol red free IMEM plus 10% charcoal stripped serum, and where indicated, supplemented with 1 nM estrogen or 100 nM ICI 182,780 for 48 h. Cells were then serumstarved overnight in phenol red free IMEM plus HEPES, supplemented with 1 nM estrogen or 100 nM ICI 182,780 where indicated. Cells were pretreated with 30 lM W-7 for 30 min in serum free media and then stimulated with 10 nM EGF for 5 min. Cell lysates were prepared as described above and processed for determination of Akt activity by Western blotting, also described above.
Amaxa nucelofection
Myc83, SK-BR-3 or MCF-7 cells were passaged 2 days prior to nucleofection, and grown to no more than 80% confluence on the day of transfection. 1 9 10 6 cells were resuspended in 100 ll T solution (Amaxa, Inc. Gaithersburg, MD) plus indicated amount of DNA. Cells were then pulsed in the Amaxa Nucleofector II system (Cologne, Germany) using program T-20, or A-23 for MCF-7. Cells were plated in six well plates containing complete media, incubated for 24 h, and then used as described in figure legends.
RNA preparation and PCR-based detection of calmodulin gene expression Myc83 cells were cultured as described and total RNA was prepared using Tri Reagent (Sigma), following the manufacturer's instructions. RNA quality and concentration was determined by absorbance measurements and a 5 lg sample was used to prepare cDNA using the SuperScript FirstStrand Synthesis System following the manufactures instructions (Invitrogen). The sequences for PCR primers specific for the three mouse calmodulin genes (CALM-1 -2 and -3) were obtained from the Primer Bank resource [23] and were used in PCR reactions with the Myc83 cDNA using the conditions recommended. A total of 5 ll samples of each reaction was analyzed by electrophoresis on a 3% agarose gel which was stained with ethidium bromide and photographed. The Primer Bank ID's for the primers used are as follows: CALM1-6753244a1, CALM2-6680832a1, CALM3-6680834a1. The same primers were used in real time PCR evaluation of siRNA mediated knock down of the calmodulin genes as described below using the Primer Bank PCR protocol.
siRNA transfection A total of 1 9 10 6 Myc83 cells were nucleofected as described above with 5 lg siRNAs generated against calmodulin 1, calmodulin 2, and calmodulin 3 from Dharmacon (Lafayette, CO). Control cells were nucleofected with equal amounts of control siRNA consisting of a pool of siRNA against Luciferase (Dharmacon, Lafayette, CO). After nucleofection, cells were transferred to Myc83 complete media and incubated for 48 h in complete media. On Day 2 after nucleofection, cells were washed and serum starved for 6 h in serum free media and then stimulated with or without 60 ng/ml (10 nM) EGF for 5 min. After EGF stimulation, the cells were lysed and processed as described above. Fluorescence microscopy MCF-7 and SK-BR-3 cells were cotransfected with calmodulin-mRFP and Akt-GFP using LipofectAMINE 2000 (Invitrogen) according to manufacturer's instructions. The cells were reseeded onto 12 mm glass coverslips 6 h after transfection. The cells on coverslips were serum-starved for 24 h in DMEM and then stimulated with 10 nM EGF for 5 min at 37°C. In the case of W-7 pretreatment, cells were incubated with 30 lM W-7 for 30 min prior to EGF stimulation. The cells were then fixed with 2% paraformaldehyded in phosphate buffered saline (PBS) for 15 min at 37°C, washed and mounted in Vectashield (Vector Laboratories). Laser Confocal images were obtained using a Zeiss LSM 510 confocal system.
Results
EGF-induced
Akt activation is dependent on calmodulin in the majority of human breast cancer cell lines and primary HMECs Our previous observations implicated calmodulin as a regulator of EGF-induced Akt activation and the survival of c-Myc-overexpressing, Myc83 mouse mammary tumor cells [20] . In this study, we set out to investigate whether calmodulin is a general mediator of Akt activity in human breast cancer cells. To do this we attempted to select a panel of breast cancer cell lines that would be representative of the diversity of human breast tumors [24] consisting of: (1) ER-negative, invasive breast cancer cell lines exhibiting a more stromal/mesenchymal genetic signature-MDA-MB-231, Hs578T, BT549, MDA-MB-468 and SK-BR-3 [25, 26] , and (2) ER-positive, estrogendependent breast cancer cell lines-MCF-7, T47D and BT474 [27] . In an initial experiment, these cells, along with non-transformed HMEC's, were screened to identify treatments that would result in the induction of Akt activity. The cells were serum starved and then stimulated by either EGF, insulin-like growth factor 1 (IGF-1), insulin, FBS, or treatment with pervanadate (data not shown). Treatments that resulted in Akt phosphorylation were then selected to evaluate calmodulin-dependent signaling in that particular cell line.
Serum starved cells were pre-incubated for 30 min with 30 lM W-7, a selective calmodulin antagonist [12] , for 90 min with 10 lM BAPTA-AM, an internal calcium chelator, or for comparable periods of time, with medium containing the vehicle alone (0.1% DMSO), and then stimulated to induce Akt activation. As shown in Fig. 1 , pretreatment with the calmodulin inhibitor, W-7, but not DMSO, completely abolished EGF-induced Akt activation in MDA-MB-231, Hs578T, BT549, MDA-MB-468 and SK-BR-3 cells and also inhibited the basal Akt phosphorylation seen in serum starved Hs578T, MDA-MB-468 and BT549 cell lines (Fig. 1a, lanes 17, 31, 43 ). EGF induced Akt activation was also blocked in HMEC cells (Fig. 1b) , and similar results were seen in MDA-MB-453 breast cancer cells (data not shown). Treatment with W-7 had no effect on MAP kinase (MAPK) activation, suggesting that the suppressive effect of W-7 on Akt activation was not due to a non-specific, or general toxic effect of the drug.
Since it is known that mammary epithelial cells release calcium from intracellular stores upon ligand stimulation [16, 17] , and since our previous work demonstrated that Akt activation was calcium dependent in Myc83 mouse cells [20] , we also examined the calcium dependence of Akt activation using the cell permeant calcium chelator BAPTA-AM. With the exception of Hs578T and the HMECs, pretreatment with BAPTA-AM was unable to inhibit Akt activation in the cells tested (Fig. 1a, b , and data not shown). In Hs578T, BAPTA-AM pretreatment inhibited, but did not abolish ligand-induced Akt phosphorylation, whereas EGF-induced Akt activation was almost completely abolished in the HMECs. These data suggest that both calcium-activated calmodulin and calcium-free calmodulin may be capable of modulating Akt activity in breast cell lines. Akt activation is calmodulin-independent in ERpositive breast cancer cell lines
In a few of the cell lines tested in the panel, we found that Akt activation was in fact not dependent on calmodulin. Treatment with W-7 had little or no effect in the ability of several stimuli to induce Akt activation (Fig. 2) . When we examined the characteristics of these refractory lines, we were interested to note that all were estrogen dependent, ER-positive breast cancer cells.
Suppression of calmodulin protein levels using siRNAmediated gene expression knockdown mimics the effect of calmodulin inhibition and substantially diminishes EGF-induced Akt phosphorylation
We wished to further establish the role of calmodulin in the Akt pathway, and also to validate the data generated using the calmodulin inhibitor by demonstrating that the suppression of Akt activation produced by W-7 is the result of its action on calmodulin and not due to some non-specific drug effect. We reasoned that if the effect of W-7 on Akt activation was indeed the result of suppression of calmodulin activity, then suppressing calmodulin protein levels should produce a similar effect on Akt activation. We therefore, set out to use siRNA mediated gene knockdown to suppress calmodulin protein levels and evaluated the impact of this intervention on Akt activation. Unlike most genes in mammalian genomes, three separate calmodulin genes, located on different chromosomes, encode a single calmodulin protein [28] . PCR-based evaluation of cDNA prepared from Myc83 cells revealed that, as expected, all three calmodulin genes are expressed (Fig. 3a) . As a result, in order to significantly suppress protein levels, it was necessary to develop an siRNA strategy targeting of all three calmodulin genes simultaneously. Following extensive optimization of this approach, Amaxa-mediated nucleofection of combined siRNAs against calm1, calm2 and calm3 successfully resulted in reduced calmodulin protein expression, compared to cells nucleofected with control luciferase siRNA (Fig. 3b) . Suppression of calmodulin protein levels resulted in a marked decrease in EGF-induced Akt phosphorylation. Total Akt expression was unaltered by the calmodulin siRNAs, and the levels of phospho-CREB, a target of calmodulin-dependent protein kinase II, were suppressed, thereby serving as a positive control for the suppression of calmodulin activity. Nucleofection with a luciferasedirected control siRNA had no effect on EGF-induced Akt activation, and a further control for off-target effects of the calmodulin-directed siRNAs is provided by the observation that nucleofection with all three siRNAs was required to produce the effect. Omitting the siRNA against any one of the three genes resulted in no suppression of calmodulin protein levels, and no alteration in EGF-induced AKT activation (data not shown). The results obtained with calmodulin siRNAs confirmed, at the genetic level, the role of calmodulin in the Akt signal pathway, and substantiated the results seen using the calmodulin inhibitor, W-7, as demonstrated in Myc83 cells (Fig. 3c ).
Phosphorylation of a constitutively active Akt construct (Myr-Akt) is not suppressed by calmodulin inhibition by W-7, in breast cancer cell lines
The addition of a myristoylation signal to the Akt coding sequences (Myr-Akt), results in a protein that is constitutively targeted to the plasma membrane and, therefore, bypasses normal regulatory mechanisms controlling Akt activation. We employed this construct to begin to dissect the mechanism underlying the role of calmodulin in Akt activation. Mammary cancer cells (Myc83, MCF-7 and SK-BR-3) were nucleofected with 3 lg of empty pcDNA3.1 vector control, or the Myr-Akt construct using The expression of all three calmodulin genes in Myc83 cells was confirmed by reverse transcription-PCR analysis of RNA from the cells using primers specific for Calm1, Calm2 and Calm3 as described in the ''Methods'' section (a). Myc83 cells were transfected using amaxa Nucleofector II system as described in section ''Materials and methods'' with 5 lg of siRNA against each calmodulin gene or equal amounts of control luciferase siRNA. After 48 h, the cells were serum starved for 6 h and then stimulated with or without EGF (10 nM/5 min). Cells lysates were processed as previously described and equal amount of total protein containing lysates were analyzed for calmodulin protein levels using calmodulin monoclonal antibody. the Amaxa system (Fig. 4) . One day after nuclofection, the cells were serum starved overnight, pretreated for 30 min with either DMSO or 30 lM W-7, and then stimulated with EGF or control medium. As seen in Fig. 4a , W-7 abolished Akt activation in untransfected and control, pcDNA3.1-transfected Myc83 cells (Fig. 4, lanes 2, 4, 6, 8 ). In serum starved Myc83 cells transfected with the Myr-Akt construct, as expected, the myristoylated Akt is phosphorylated even in the absence of EGF stimulation (Fig. 4a, lane 9) . Upon EGF stimulation, the endogenous Akt also becomes activated (Fig. 4a , lane 10, P-Akt 473, lower band). In the presence of the calmodulin inhibitor, W-7, the endogenous P-Akt band is abolished, while activation of the transiently expressed Myr-Akt is unaffected (Fig. 4a, lane 12) . Thus, myristoylation of the Akt renders the activation of the molecule calmodulin-independent, suggesting a possible role for calmodulin in the regulation of the sub-cellular localization of Akt. Similar results were seen when Myr-Akt was exogenously expressed in the ER-negative human breast cancer cell line SK-BR-3 (Fig. 4b) . Again, the membrane targeted Myr-Akt was resistant to W-7 treatment (Fig. 4b, lanes 11  and 12, upper band) . Not surprisingly, MCF-7 cells again consistently resisted the effects of the calmodulin inhibitor, as Akt activation was not significantly changed in endogenous Akt or Myr-Akt in transfected MCF-7 cells, as demonstrated in Fig. 4c .
The lack of calmodulin dependence for Akt activation seen in some cells does not appear to be explained by calmodulin expression level, or ER activity or status
The panel of cell lines screened for W-7 sensitivity exhibit a diverse range of genetic and phenotypic features which exemplify many of the common alterations seen in human breast tumors, including cells with mutant p53, activated Ras, loss of PTEN expression, or loss of functional Rb, etc., none of which alterations were apparently correlated with W-7 sensitivity [24, 29] . Based on the calmodulin knockdown data it seemed possible that the level of calmodulin expressed within the cell might influence W-7 sensitivity. We therefore examined the level of calmodulin present in the cells by Western blot analysis. As seen in Fig. 5 , the W-7 insensitive cell lines (MCF-7, T47D and BT474; Fig. 5a, lanes 1-3) expressed relatively similar amounts of calmodulin protein to W-7 sensitive (+) cell lines (MDA-MB-453, MDA-MB-468, SK-BR3, BT549, and MDA-MB-231-lanes 4-9).
As noted above, the most obvious difference between the W-7 sensitive and in-sensitive cell lines is that all of the insensitive ones are ER-positive and estrogen dependent. In light of this and since there is strong evidence in the literature demonstrating that ER activity can regulate the PI3K/Akt pathway in breast cancer cells [30, 31] , we postulated that the presence or activity of the ER may be bypassing the need for calmodulin in the activation of Akt in ER-positive breast cancer cell lines.
To address this question, we examined the impact on EGF mediated Akt activation of estrogen withdrawal alone, or withdrawal in combination with treatment with an antiestrogen which is known to target the ER for destruction (ICI 182,780), using the estrogen dependent breast cancer cell line MCF-7. The cells were stripped of estrogen and grown for two days under three different conditions: (1) with charcoal stripped serum only, (2) charcoal stripped serum plus 1 nM 17-beta-estradiol (E 2 ), or (3) charcoal 4) were compared to cells transfected by Amaxa nucleofection as described in section ''Materials and methods'' with either 3 lg of empty vector control pcDNA 3.1 (lanes 5-8) or 3 lg Myr-Akt expression construct (lanes 9-12). Twenty-four hours post-transfection the cells were serum starved overnight, then pretreated with either DMSO or 30 lM W-7 for 30 min, and then stimulated with 10 nM EGF for 5 min. Cell were lysed and analyzed for Akt activity as previously described. The blots shown are a representative of at least three separate experiments stripped serum plus 100 nM ICI 182,780 (to ablate the ER). The cells were then serum starved overnight (still in the presence or absence of E 2 and ICI 182,780), exposed to the calmodulin inhibitor, W-7, and stimulated with EGF. As seen in Fig. 5b , MCF-7 cells were still able to activate Akt in the presence of W-7, even in the absence of estrogen (Fig. 5b, lanes 2 and 4) , and indeed, under conditions in which the ER is being ablated (Fig. 5b, lanes 10 and 12) .
Adequacy of the estrogen withdrawal was assessed by evaluating the expression of the highly estrogen responsive gene cathepsin D. Estrogen withdrawal resulted in suppression of cathepsin D expression to undetectable levels, which was not altered by treatment with ICI 182,780, but treatment with 1 nM estradiol resulted in re-expression of cathepsin D protein. These results demonstrate that neither removal of estrogen nor ablation of the ER restored calmodulin-dependent Akt signaling in the ER-positive MCF-7 cells.
Forced overexpression of EGFR and ErbB2 partially restores calmodulin-dependent Akt signaling in the ER-positive, W-7-insensitive MCF-7 cell line
In addition to ER expression status we noticed that many of the W-7 sensitive cells express high levels of epidermal growth factor receptor (EGFR) family members, whereas the ER positive cells do not. We therefore postulated that overexpression of one or more of this family of receptors, a common feature of ER negative breast cancer, might be involved in the calmodulin dependent Akt activation. To examine this possibility we decided to determine if forcing the overexpression of one of these receptors in an ER positive cell would make Akt activation calmodulin dependent. We obtained MCF-7 cells that have been engineered to overexpress either EGFR (MCE5-kindly provided by Dr. Dorraya El-Ashry, University of Michigan) [22] or ErbB2 (MCF-7-ErbB2, clones MB7 and MB8-graciously provided by Dr. Francis G. Kern, Adelson Medical Research Foundation) [21] , and tested them to determine if EGF-induced Akt activation was calmodulin dependent.
Serum starved cells were pretreated with W-7 or DMSO, stimulated with EGF and then analyzed, as described above. MCE5 (MCF-7-EGFR) cells express significantly more EGFR than the parental MCF-7 cells, and exhibit high basal Akt activation (Fig. 6a, lanes 1 and 7) . As before, exposure to the calmodulin inhibitor did not inhibit EGF-induced Akt activation in parental MCF-7 cells (Fig. 6a, lanes 2 and 5) , but did result in a reduction of EGF-induced Akt phosphorylation in MCF-7-EGFR cells (Fig. 6a, lanes 8, and 11) . Interestingly, unlike what was seen with the EGFR-amplified breast cancer cell line MDA-MB-468 (Fig. 1a, lane 31) , treatment with W-7 did not result in significant inhibition of basal Akt activation in MCE5 cells, (Fig. 6a, lane 10) . These results suggest that overexpression of EGFR can make EGF-induced Akt activation partially dependent on calmodulin in cells that were previously W-7 insensitive.
The two independent MCF-7-ErbB2 clones overexpress ErbB2 to slightly different degrees, with the MB7 cells expressing slightly more than the MB8 cells. In both clones, however, the ErbB2 was found to be constitutively To further address the possible involvement of estrogen signaling as a modulator of the calmodulin dependence of Akt activation, we tested the W-7 sensitivity of MB7 cells when grown in medium containing untreated serum (with estrogen), and when grown in medium supplemented with charcoal stripped serum (estrogen free). Under both conditions, W-7 was able to block EGF-stimulated Akt activation (data not shown), providing further evidence that the presence of ER alone or in combination with its ligand does not inhibit the calmodulin dependence of Akt activation.
These data suggest that calmodulin-dependent signaling to Akt is not affected by the presence of estrogen or ER activity, but rather may be influenced by the over-expression of growth factor receptors.
EGF-induced localization of calmodulin and Akt at the plasma membrane is inhibited by W-7 in both MCF-7 and SK-BR-3 cell lines Our data demonstrating that phosphorylation of the constitutively active Akt construct was not suppressed by ) were grown to semi-confluence in phenol red-free IMEM plus 10% charcoal stripped serum. Cells were serum starved over night and pre-treated with either DMSO or 30 lM W-7 for 30 min. MCF-7 cells were unstimulated or stimulated with 10 nM EGF, or 50 ng/ml IGF for 5 min, where indicated. MCF-7-EGFR cells, because of their high EGFR expression levels, and MCF-7-ErbB2 cells MB7 and MB8, because of their high ErbB2 expression levels, were unstimulated or stimulated with only 24 ng/ml EGF for 10 min, or 50 ng/ml IGF for 5 min where indicated. Cell lysates were processed as previously described and equal amount of total protein containing lysates were analyzed for Akt activation by phospho-S473 specific Akt antibody. EGFR expression was confirmed in MCF-7-EGFR cells using anti-EGFR antibody. Total ErbB2 and activated phopspho-ErbB2 expression was confirmed in MCF-7-ErbB2 MB7 and MB8 cells using anti-ErbB2 and anti-phospho-ErbB2 monoclonal antibodies. Total Akt levels were unchanged and beta-actin serves as a loading control. This figure is a representative of three independent experiments calmodulin inhibition suggested a possible mechanism by which the activation of wild-type Akt might be occurring. The constitutively active construct has a myristoylation signal that results in the targeting of the protein to the plasma membrane where it is phosphorylated independent of its normal activating signals. This suggested that inhibition of calmodulin function in ER-negative cells might be blocking the EGF stimulated relocalization of Akt to the PM, thereby blocking its activation, and that this blockade does not occur in ER positive cells. To test this possibility we made use of fluorescently tagged Akt and calmodulin constructs in order to follow the sub cellular localization of these proteins before and after EGF stimulation in the presence and absence of calmodulin inhibition, in both ERpositive and negative cells.
MCF-7 (ER-positive) and SK-BR-3 (ER-negative) cells were transiently co-transfected with calmodulin-RFP and Akt1-GFP, then serum starved and treated with the indicated materials as described in the ''Methods'' section, and then examined by fluorescent microscopy (Fig. 7) . Calmodulin and Akt were distributed mainly in the cytoplasm and nucleus of cells in serum free medium. Stimulation of the cells with EGF caused translocation of both calmodulin and Akt to the membrane, demonstrating that calmodulin and Akt localize to the same cellular compartment. As predicted, treatment with W-7 blocked the translocation of both calmodulin and Akt to the plasma membrane in SK-BR-3 cells. Interestingly, however, this translocation was also blocked by W-7 in MCF-7 cells, which seems to rule out the possibility of differential localization of calmodulin and Akt in ER-positive and ER-negative cell lines as an explanation for the different responses of Akt activation by the calmodulin inhibitor in the two types of cells.
Discussion
Akt is a key regulator of multiple cellular processes including proliferation and cell survival. In a previous study we discovered that survival signaling provided by EGF-induced Akt activation in a c-Myc overexpressing mouse mammary cancer cell line could be inhibited by the pharmacological calmodulin inhibitor W-7 [20] . The goals of the work we present here were: (1) to confirm that the inhibition of Akt activation was indeed the result of the inhibition of calmodulin function and not due to some independent property of the drug, (2) to determine if this intriguing phenomenon was limited to this particular mouse cancer cell line or represented a more general mechanism for Akt activation in human mammary epithelial or cancer cells, and (3) to identify the characteristics of cells that allow this pathway of Akt activation to function. No pharmacological inhibitor is perfect, and so we first wanted to be sure that the suppression of Akt activation we were studying was indeed the result of inhibition of calmodulin by W-7, and not the result of some non-specific activity of the agent. To address this concern we decided to use an entirely independent, non-pharmacological approach to suppress calmodulin activity; knocking down calmodulin protein levels using siRNA technology. We reasoned that if the suppression of Akt activation produced by W-7 was indeed mediated by its inhibition of calmodulin activity, then reducing the cellular calmodulin concentration should also block Akt activation. This simple idea turned out to be much more challenging to achieve than we had anticipated. In addition to the complication noted above, that calmodulin is unique in the genome in having three independent genes coding for exactly the same amino acid sequence, thereby necessitating the simultaneous knockdown of three independent gene products, we soon discovered that suppressing the levels of one calmodulin gene increases the expression of the others (not shown). Nevertheless, after selecting and optimizing a cocktail of three siRNAs, one against each gene product, we were able to significantly suppress calmodulin protein levels and demonstrate that this indeed resulted in suppression of EGF-induced Akt activation (Fig. 3b) . Leaving any one of the three siRNAs out of the cocktail results in loss of knockdown and loss of suppression of Akt activation, thereby controlling for off-target effects of the individual siRNAs (not shown). During this process we determined that the better the knockdown of calmodulin level, the more effective the suppression of Akt activation. In addition to these studies, we examined the ability of several other chemically distinct compounds reported to inhibit calmodulin activity to suppress EGF induced Akt activity. All of these compounds were able to suppress EGF-stimulated Akt activity (not shown), and since it is unlikely that they would all have the same non-specific activities, we take this as further evidence that the inhibition of calmodulin activity is indeed the key target.
Further evidence for the specificity of the inhibitor is provided by the fact that when targeted to the PM by virtue of a myristylation signal, the phosphorylation of Akt occurs as expected, in the presence of W-7 even as the compound is blocking the phosphorylation of the endogenous protein.
This demonstrates that W-7 is not non-specifically inhibiting the kinases involved in Akt activation nor grossly perturbing cellular function such that these events cannot occur.
These data, along with the significant experience with W-7 in the literature lead us to conclude that the effects we are studying do indeed relate to inhibition of calmodulin rather than some non-specific effect.
To address the second goal of the study, we assembled a panel of human cell lines, including, breast cancer cell lines designed to represent the spectrum of phenotypes and genotypes typically found in human breast cancer [24, 29] , as well as some non-transformed mammary epithelial cell cultures. As described above, treatment with W-7 suppressed Akt activation in the majority of the cell lines tested, including the non-transformed mammary epithelial cells ( Fig. 1 and data not shown) . This demonstrates that calmodulin dependent Akt activation is a common mechanism in many breast cancer cells, but since EGF-induced Akt-activation was also suppressed by W-7 in non-transformed HMEC (Fig. 1b) , it suggests that calmodulin is likely involved in the regulation of Akt activity in normal mammary tissue.
Several cell lines, however, were refractory to the inhibitory effects of W-7 on Akt activation (Fig. 2) , allowing us to proceed with the third goal of this study: characterizing the features of cells in which Akt activation is calmodulin dependent, compared to those in which it is not, with the goal of beginning to understand the mechanisms involved. We first set out to address the possibility that simple overexpression of calmodulin might underlie the difference in W-7 sensitivity. We had shown that knocking down calmodulin levels could suppress EGFinduced Akt activation, mimicking the effects of W-7 and so it seemed reasonable that overexpression of calmodulin might make cells resistant to the effects of the compound. Analysis of calmodulin levels in the cell lines by immunoblotting did not reveal dramatic differences in calmodulin levels between the various cell lines and no correlation between the levels and W-7 sensitivity was evident (Fig. 5) . We believe, therefore, that calmodulin expression level is not a likely source of the differences in W-7 sensitivity. It is possible, however, that this conclusion is too simplistic. The nucleic acid sequence of the exons in the three genes that code for calmodulin in the human genome are almost as divergent as is possible for DNA coding for the same amino acid sequence [28] . This demonstrates that all three genes have been carefully conserved over evolutionary time and implies that each gene has some individual function that cannot be provided by the other two genes. Indeed the promoters and 3 0 and 5 0 UTRs of the three genes are quite different suggesting divergent function. Studies of calmodulin expression in neurons and other systems suggest that indeed the three transcripts serve different functions and may code for different pools of calmodulin within the cell [32] [33] [34] . Western blot analysis simply looks at total calmodulin levels within the cells without regard for which transcript is predominant, or the sub-cellular localization of the protein. No large scale immunohistochemical study of calmodulin expression in breast cancer is described in the literature; however, differences in the levels of the three transcripts are evident in published micro-array data sets, comparing normal mammary gland to cancer, and ER-negative to ER-positive disease, suggesting that this is an issue that merits further study [35] [36] [37] [38] . However, our finding that altering the level of one calmodulin transcript can alter the expression of the others highlights the complexity of such analysis, particularly since there is no way of distinguishing between the protein products of the three genes. We are developing immunofluorescence based approaches to study calmodulin dynamics in our cell systems and plan to initiate an immunohistochemical study of calmodulin expression in breast cancer.
The cell lines that make up our panel have been studied in great detail and characterized with respect to many of the genetic and epigenetic alterations frequently found in breast cancer. The panel contains lines with mutant p53, some with mutant Ras, some with loss of PTEN expression, and some with loss of functional Rb, etc., none of which alterations was apparently correlated with W-7 sensitivity.
The most obvious difference between cells in which W-7 blocked Akt activation and those in which it did not was ER status. However, acute inhibition of ER mediated signaling, by estrogen deprivation or treatment with an antiestrogen known to lead to ER destruction, did not render the activation of Akt W-7 sensitive in MCF-7 cells. This suggests that the difference is not simply due to the presence of the receptor or the expression of some estrogen responsive gene in ER positive cells.
Long before the gene expression array studies were able to develop elaborate descriptions of the ER-positive phenotype in terms of expression array signatures, it has been appreciated that ER-positive breast cancer is different from ER-negative breast cancer in many more ways than simply the presence or absence of the receptor. It has, for example, frequently been noted that there seems to be an inverse correlation between ER status and the expression of EGFR family members. ER-negative breast cancer cells, tend to overexpress members of the EGFR family, compared to ER positive cells [26, [39] [40] [41] [42] and this is certainly true of the cell lines in our panel. For example MDA-MB-231, and MDA-MB-468 both are ER-negative and express over 250,000 and 2,000,000 EGF binding sites per cell respectively [39] , compared to MCF-7 cells, which are ERpositive, and express only 2,400 EGFR binding sites per cell [39] .
Since the calmodulin-dependence of Akt activation seemed to correlate somewhat with high level expression of EGFR, we decided to examine the effect that enforced overexpression of EGFR or ErbB2 has on the W-7 sensitivity of one of the ER positive cell lines-MCF-7. As described above, we found that EGF-stimulated Akt activation became sensitive to W-7 in cells overexpressing either of these receptors and that this effect was seen independent of the presence of estrogen in the culture medium.
At first glance these and the previous data would seem to suggest a simple relationship between the level of EGFR family member expression and calmodulin dependent Akt activation, independent of ER status, however, we believe that the situation is rather more complex. Multiple lines of evidence suggest that overexpression of EGFR family members, or constitutive activation of the signaling molecules down-stream of these receptors, is incompatible with ER mediated signaling. As noted above, there is an inverse relationship between ER expression and the expression of EGFR family members, both in clinical samples and cell lines. During the development of the transfected MCF-7 clones we have used in this study, it was discovered that stable expression of EGFR, or ErbB2 in MCF-7 cells could only be maintained if the clones were grown in estrogendepleted media [21, 22] . If the clones were grown in media containing estrogen, both receptor protein and mRNA levels were suppressed. Culture of the clones once more in estrogen depleted medium resulted in the re-expression of the receptors over several weeks. Similarly, transfection of MCF-7 cells with constitutively active components of the MAPK pathway results in the reversible loss of ER expression in cells grown in estrogen containing medium [43] . In contrast, if estrogen-dependent breast cancer cells are grown in the prolonged absence of estrogen, or are selected for resistance to antiestrogens, the cells that grow out are frequently found to have upregulated expression of one of the EGFR family members or exhibit enhanced down-stream signaling [44] [45] [46] [47] . Taken together these data suggest that if deprived of estrogenic stimuli, ER positive breast cancer cells will come to depend on proliferative signals down-stream from EGFR family members in much the same way as ER negative breast cancer cells. Indeed a recent array based study has shown that cells driven down this pathway acquire a pattern of gene expression that is reminiscent of that seen in ER negative breast cancers [43] .
We hypothesize the acquisition of the calmodulindependence of Akt activation is one aspect of this phenotypic shift and as such probably does not depend on the absolute level of the receptors expressed so much as the signaling pathways operant within the cell that are driving proliferation.
The precise mechanisms underlying calmodulin-dependent Akt activation are not completely understood and this area is the focus of our ongoing studies, though the data presented here and in our previous work clearly suggest that direct interaction between calmodulin and Akt is involved, and that inhibition might depend on altered protein trafficking. Our previous work showed by coimmunoprecipitation assays that Akt associates with calmodulin in an EGF-dependent manner, in Myc83 cells [20] , and we have shown that the same is true in the human breast cancer cells that we have used here (not shown). Additional evidence for a direct interaction between the two proteins has come from the literature. For example, in a study in which an mRNA-displayed proteome library was screened for previously uncharacterized calmodulin binding proteins [48] , Akt was identified as a calmodulin binding partner. This finding was then validated by a CaMSepharose pull-down assay and Akt was shown to be associated with calmodulin in a calcium dependent manner in both mouse brain lysates and in HeLa cell extracts [48] , and a recent report by Rihe Liu and colleagues has demonstrated that calmodulin binds directly to the PH domain of Akt [49] . We are in the process of investigating the nature of the association between calmodulin and Akt, and have identified a putative IQ motif, a conserved calmodulin binding motif resembling IQXXXRGXXXR, [13] within Akt (between amino acids 161 and 176).
In the present study we have extended our earlier observations and shown that both calmodulin and Akt are translocated to the PM on EGF-stimulation and that this translocation is blocked by treatment with W-7, suggesting that calmodulin is regulating Akt activity by modulating the sub-cellular localization of Akt. This idea is reinforced by our finding that direct targeting of Akt to the plasma membrane by the addition of a myristoylation signal overcomes the dependence on calmodulin for activation. It would have been satisfying had we found that EGF-stimulated Akt translocation to the plasma membrane was not blocked by treatment with W-7, however, this was not the case and although Akt becomes activated in response to EGF in the ER positive cells when treated with W-7, the translocation appears to be blocked. This is an intriguing finding that suggests that Akt activation is occurring differently in these cells. As noted above, it is not clear if the ER has a direct role in this process or if the differences seen relate to other features in the cell associated with the ER positive phenotype. Our studies conducted in the presence or absence of estrogen suggest that if ER is involved, its action is independent of ligand binding. Furthermore, the insensitivity of the system to treatment with the ICI 182,780, which is known to result in suppression of ER levels, again argues against a direct effect, although some un-liganded receptor might be available for interactions, even under these conditions. The ER is known to interact with calmodulin suggesting the possibility that this interaction might render W-7 treatment ineffective. We consider this possibility unlikely, but plan to study calmodulin-dependent Akt activation in cells transiently transfected with ER-alpha.
A recent finding has provided another possible explanation for why some breast cancer cell lines might lack dependence on calmodulin for Akt activation. A transforming mutation found in the PH domain of AKT1 in some human cancers is located in one of the putative Akt/ calmodulin interaction domains and it would be intriguing to determine if the breast cancer cell lines that do not require calmodulin to activate Akt upon EGF stimulation possess this mutation, and whether this mutation disrupts calmodulin Akt binding, since the PH domain of Akt has been shown to harbor the calmodulin binding site [49, 50] .
It is interesting to note that contrary to our previous finding in mouse carcinoma cells, the majority of human breast cancer cells do not require calcium to mediate calmodulin dependent signaling. In fact, the majority of cell lines screened for sensitivity to W-7 were able to phosphorylate Akt in the presence of internal calcium chelation by BAPTA-AM, even though Akt activation was dependent on calmodulin (Fig. 1a and data not shown) . This suggests that calcium-independent calmodulin, or apocalmodulin, is capable of mediating Akt activation in the human cells utilized in the present study. Apocalmodulin differs from calcium-bound calmodulin in its tertiary structure, and like calcium-bound form, is known to be involved in functions vital to cellular life, including microtubule function, chromosome segregation and endocytosis [13, 51, 52] .
We are in the process of studying the biological implications of our finding that Akt activation is calmodulindependent in ER negative breast cancer cells. It is interesting to note that previous work with calmodulin inhibitors has demonstrated that estrogen independent cells show enhanced sensitivity to these agents. MDA-MB-231 cells were shown to be significantly more sensitive to growth inhibition by the calmodulin inhibitor W-13, than ER-positive, estrogen dependent MCF-7 cells [53] . Furthermore, MCF-7 cells selected for resistance to an antiestrogen were shown to be more sensitive to the growth inhibitory effects of a calmodulin antagonist than the parental MCF-7 cells [53] . It is tempting to speculate that this may present an attractive therapeutic opportunity, and that the use of a calmodulin inhibitor at the same time as antihormonal therapy with antiestrogens or aromatase inhibitors might prevent the development of hormoneindependent disease.
